1. Introduction {#s0005}
===============

Bone microarchitecture is highly elaborate, as it is organized on a number of hierarchical levels ([@bb0260]). This includes the interconnected vascular canal network and smaller-scale lacunar-canalicular network (LCN); these two interconnected networks provide conduits throughout the mineralized bone matrix for movement of blood and interstitial fluid, respectively. The adequate supply of nutrients, disposal of waste products, and exchange of regulatory signals through the LCN is essential for the viability and function of osteocytes contained within their lacunae ([@bb0015], [@bb0140]). The function of osteocytes is to regulate bone metabolism, mechanosensation/mechanotransduction, and adaptation/bone remodeling processes ([@bb0115]). The LCN comprises a significant part of the bone volume within the skeleton (\~ 4.2% ([@bb0055])) and its communication network has been postulated to be of the same magnitude of complexity as the neural network in the brain ([@bb0020]). A significant reduction in LCN surface area could impair mineral mobilization and/or the mechanotransductive function of the osteocyte syncytium due to "metabolic starvation", which, in turn, would lead to increased turnover of the matrix ([@bb0065]). Reduced interconnectivity could also hinder osteocyte communication and ultimately, bone remodeling. Since some bone diseases are commonly associated with aging, a better understanding of how age influences the LCN will provide insight into the relation between the LCN, bone health and aging.

Osteocytes reside within lacunar pores, which are broadly distributed throughout the bone matrix. It is from within these lacunae that osteocytes regulate the dynamic processes of bone, including modeling and remodeling. The shape and size of lacunae vary significantly within and between species. In rodents and humans, they range from larger elongated ovoid to smaller spherical spaces ([@bb0105], [@bb0170], [@bb0110]) and this variation is dependent on anatomical location ([@bb0030], [@bb0035], [@bb0255]). There remains some contention as to whether lacunae size changes with age. Our own work has revealed that lacunar volume decreases in women, but not in men ([@bb0030]), although another group observed an increase in women ([@bb0005]). A decline in osteocyte lacunar density with age was found in human trabecular ([@bb0150], [@bb0155], [@bb0190]) and cortical bone ([@bb0030], [@bb0035], [@bb0250]). The relation between lacunar density and bone disease is currently unclear as both an increase ([@bb0155], [@bb0250], [@bb0235]) and a decrease ([@bb0150], [@bb0160], [@bb0195]) in lacunar density has been observed in osteoporotic individuals.

Osteocytes communicate with each other and with cells at the bone\'s internal and external surfaces (such as bone marrow, bone-lining cells, and osteoblasts) via dendritic cellular processes that form an expansive 3-dimensional (3D) network of tortuous canals, called canaliculi ([@bb0125], [@bb0180], [@bb0225]). The orientation of the canaliculi is quite random in juvenile rodents, but becomes more organized (oriented perpendicular to surfaces) and extensive with maturation in adults ([@bb0105], [@bb0170]). Yet, this elaborate organization ultimately diminishes in aged rodents ([@bb0170]) and is likely the cause of the reduced fluid flow in bone (due to reduced permeability) observed in 7 month old mice, compared to mice at 2 months of age ([@bb0210]). Reduced LCN interconnectivity has also been reported in osteoporotic individuals ([@bb0130]), as has increased heterogeneity of the network ([@bb0130], [@bb0135]). Milovanovic and colleagues used an acid etch/SEM technique to analyze the mid-cortical region of the femur and showed that there are 30% fewer canaliculi directly arising from lacunae that reside within osteons and fewer canaliculi crossed the cement line in an aged mixed population of men and women ([@bb0145]). As a result, lacunar-canalicular connections were reduced within osteons, but the interstitial lacunar-canalicular connections were not investigated ([@bb0145]).

We previously reported a 30% decline in osteocyte lacunar size in women \> 50 years compared to women \< 50 years of age using synchrotron radiation micro-computed tomography (μCT; [@bb0030]) at a resolution that was unable to resolve canaliculi. Here we explore the hypothesis that this reduction in lacunar size is accompanied with, and possibly related to, a reduction in canaliculi arising from osteocytes since a large number of protruding canaliculi would broaden the osteocytes outer surface and potentially increase lacunar volume. To test this hypothesis, we utilized a fluorescence labelling procedure and a higher resolution imaging technique, *i.e.* confocal laser scanning microscopy ([@bb0045]), to compare cortical bone from the femoral diaphysis of young and aged women with no known history of bone disease. Our primary objective was a broad analysis of the LCN porosity as a whole, and separated into its lacunar and canalicular components, spanning the entire cortex and including osteonal and interstitial bone. Our secondary objective was to explore potential regional variations in these parameters across the radial span of the anterior cortex.

2. Materials & methods {#s0010}
======================

2.1. Specimens {#s0015}
--------------

Human femoral bone specimens were obtained from the Melbourne Femur Collection, which was created in partnership with the Victorian Institute of Forensic Medicine (VIFM; Australia) between 1990 and 2005 and is maintained at the Melbourne Dental School (University of Melbourne, Australia). Specimens were harvested from individuals who had died suddenly and unexpectedly, with no apparent medical condition and who did not have any known history of bone-related pharmacotherapeutic usage ([@bb0050]). Specimens were manually cleaned of external soft-tissue, fixed in 70% ethanol and then desiccated for subsequent storage and transport, a commonly utilized approach for synchrotron μCT- and phase-contrast nano-CT-based imaging of bone ([@bb0030], [@bb0035], [@bb0040], [@bb0245], [@bb0100]). This study was conducted with ethics approval from the VIFM (EC26/2000), the University of Melbourne (HREC 980139), and the University of Saskatchewan (Bio\# 08-46). We utilized transverse bone sections (*n* = 11) from the anterior region of the proximal femoral shaft that were previously mounted onto glass slides for another histological study ([@bb0085]). The samples also represent a subset from those included in our previous synchrotron-based study where lacunar size was found to change with age ([@bb0030]). The current study was designed to compare bone specimens from young adult women (20--23 years of age; *N* = 5) and from aged women (70--86 years of age; *N* = 6; see Supplemental Table S1 for donor information summary).

2.2. Fluorescein isothiocyanate (FITC) staining {#s0020}
-----------------------------------------------

Unstained sections (150 μm) were cut from 5 mm blocks of the anterior cortical region of the human femoral midshaft (see Fig. 1 in ([@bb0035])). These were hand-lapped to 50 μm with 2000 Grit 3M sandpaper, ultrasonically cleaned, and then mounted onto glass slides ([@bb0085]). For the current study, these undecalcified and unstained sections were gently dislodged from slides by soaking in xylene for 3 days. Washing with absolute ethanol thrice for 5 min removed all traces of xylene from bone before proceeding to staining with FITC (Sigma Cat\#F7250), which was used to visualize the interstitial bone space. FITC was chosen since, in our hands and from images in the literature ([@bb0045], [@bb0230]), FITC staining of LCN was of much higher quality than LCN images where basic fuchsin or calcein staining was done. All FITC preparation and staining procedures were performed with minimum exposure to light ([@bb0045]). A 1% FITC solution was made in absolute ethanol by shaking on a rotator for 1 h at medium speed and vortexing briefly every 15--20 min. All undissolved particulate was removed by filtration through a 0.22 μm filter. Bone sections were stained in 1% FITC at room temperature for 4 h with gentle rocking and subsequently washed 3--4 times with absolute ethanol for 15--20 min per wash. The bone sections were air-dried and then mounted with coverslips onto glass slides (Fisherbrand Superfrost Plus, Cat\#12-550-15) using ProLong Diamond Antifade (Life Technologies, Cat\#P36970) to preserve the fluorescence. Edges of the coverslips were sealed with nail polish and slides were preserved in a light-tight container at − 20 °C.

2.3. Confocal laser scanning microscopy {#s0025}
---------------------------------------

Slides were brought to room temperature prior to imaging. Imaging was performed on a FluoView™ FV1000 confocal laser scanning microscope (Olympus, Japan) using oil immersion (60 × lens) and the following settings: 1.4 numerical aperture, pinhole set at 1 Airy unit, wavelength excitation of 488 nm, and laser intensity set to 7.0%. The sensitivity of the detector adjustment (HV), gain and offset were optimized for each sample. Images were taken at a resolution of 1600 × 1600 pixels with a pixel resolution of approximately 0.132 μm/pixel × 0.132 μm/pixel, and a 211 μm × 211 μm field of view. The focal depth was 0.44 μm.

2.4. Image montages {#s0030}
-------------------

The LCN in bone is inherently heterogeneous ([@bb0130], [@bb0135]). Therefore, in order to obtain an accurate representation of LCN microarchitecture and to minimize the possibility of error associated with sampling bias, we chose to implement a two-dimensional (2D) analysis approach which would allow the assessment of the entire anterior femoral cortex from the endosteal to periosteal surfaces. The sheer size of the bone area to be investigated precluded using a three-dimensional volumetric approach, which is better suited for smaller regions of interest and therefore subject to sampling bias. The 2D plane that was chosen to be imaged was 8--10 μm below the bone surface, which was deep enough to ensure that fluorescent glare from the FITC on the edges of the bone section was eliminated along the entire large plane of section. Multiple adjacent images with overlapping edges were digitally stitched together to generate large montages using the Stitching plugin and Grid/Collection Stitching option in the *ImageJ* software platform (version 1.50i; [rsbweb.nih.gov/ij/](http://rsbweb.nih.gov/ij/){#ir0005}) ([@bb0185]). The width of the montages of all specimens were kept relatively constant (average width = 10,383 pixels or 1.37 mm, 7 images), but differed in their periosteal to endosteal depth (average depth = 32,298 pixels or 4.26 mm, 17 to 44 images) due to variation in cortical thickness ([Table 1](#t0005){ref-type="table"}). Individual montages ranged from 119 to 308 images ([Fig. 1](#f0005){ref-type="fig"}A,B). The montages were then cropped such that they extended to the edges of the endosteal and periosteal surfaces ([Fig. 1](#f0005){ref-type="fig"}A,B). The cropped images were used for all subsequent analyses.Fig. 1Confocal imaging of femoral bone sections following FITC-labelling. A,B) Large montages that span the endosteal (e) to periosteal (p) edges of cortical bone from young (A; age 22) and aged (B; age 78) female donors. Red boxes outline the cropped image that was used for segmentation and analysis. White dashed boxes are regions expanded in C---H. Greater resorption spaces are clearly evident in the sample from the aged donor (B; a few examples are labelled with pink asterisks). C,D) Close-up of the cortical bone microarchitecture (white box in A,B) showing larger vascular canals (vc) in the sample from an aged donor, similarly sized lacunae (lc), and greater canalicular (cn) density in the sample from a young donor. E,F) Vascular canal (blue), artifacts (yellow), and lacunae (red) masks applied, leaving only the green fluorescence from the canaliculi. G,H) Vascular canals, artifacts, and lacunae were black-filled and remaining image was converted to binary allowing quantitation of canalicular porosity. Scale bar in (A,B) is 500 μm and in (G,H) is 50 μm.Fig. 1Table 1Average morphological parameters of femoral cortical bone from young and aged women.Table 1NAge rangeVascular canal porosity (% ± SD)Endosteal to periosteal depth (cropped; mm ± SD)Avg bone area (cropped; mm^2^ ± SD)LCN area (% ± SD)Lacunar area (% ± SD)Avg lacunae size (μm^2^ ± SD)Lacunae \#/mm^2^ ± SDCanalicular area (% ± SD)Young520--234.8 ± 0.53.27 ± 0.834.75 ± 1.2617.6 ± 2.93.2 ± 1.045.6 ± 8.7695 ± 7914.3 ± 1.9Aged670--8615.4 ± 9.83.19 ± 0.923.99 ± 1.1410.5 ± 2.42.5 ± 0.546.4 ± 9.3546 ± 1267.9 ± 2.0% change w/age323− 40.6− 22.81.7− 21.4− 44.6*p* =0.0390.0010.140.880.0490.001

2.5. Image processing {#s0035}
---------------------

In order to calculate the area of bone occupied by the LCN, it was necessary to segment its components -- the lacunae and the canaliculi -- as well as larger vascular canals (consisting of Haversian canals, non-Haversian canals and resorption spaces) and any artifacts ([Fig. 1](#f0005){ref-type="fig"}C,D). In order to do this, images were processed using *ImageJ* software. Artifacts, which were identified and removed from analysis, predominantly consisted of microcracks, but also, to a much lesser extent, included minor staining anomalies. A minimum filter (radius 10 pixels) and Otsu Auto Thresholding was used to extract vascular canals. Otsu\'s threshold clustering algorithm is used to automatically perform clustering-based image thresholding that minimizes the intra-class variance, defined as a weighted sum of variances of the two classes ([@bb0175]) where, in this case, the two classes represented the background (bone) and the vascular pores. A median filter (radius 2 pixels) and Auto Local Thresholding (mean radius = 15 pixels; parameters 1 and 2 = 0) was used to extract both artifacts and lacunae ([Fig. 1](#f0005){ref-type="fig"}E,F). These thresholding parameters were selected such that the resulting binarized images closely resembled the raw confocal data (Fig. G,H). This segmentation procedure resulted in three distinct masks: i) a canal; ii) an artifacts; and, iii) a lacunae mask ([Fig. 1](#f0005){ref-type="fig"}E,F). Although segmentation conditions were optimized, the segmentations were prone to some error due to the sheer size of, and enormous structural variability within, the large montages. In order to obtain precise vascular canal, artifact, and lacunae masks, careful inspection and manual manipulation of the segmentation masks was needed. Approximately 120,000 regions of interest that were generated in the segmentation procedure were inspected for accuracy. The entire image was then carefully scanned to identify vascular canals, artifacts, or lacunae that were missed during segmentation and drawn in manually for each mask. These criteria were standardized and applied equally to all specimens.

The outlines of the non-canalicular porosity were then utilized as masks to aid in segmenting the canalicular area. The raw montages were median filtered (radius = 4 pixels) to suppress noise and the Auto Local Mean Threshold (radius = 50 pixels; parameter 1 = − 25; parameter 2 = 0) of *ImageJ* was used to convert all fluorescence in the images into a binary image. The canaliculi were isolated by the removal of the artifact, vascular canal and lacunar masks. The artifact mask was expanded by 5 pixels to ensure all related fluorescent signal was removed. The LCN and canalicular percentages were calculated using the following formulae:$${LCN}\ \text{Area}\% = \left( {LCN}\ \text{Area}/\left( {\text{Total\ Bone\ Area} - \left( {\text{Vascular\ Canal\ Area} + \text{Artifacts\ Area}} \right)} \right) \right) \ast 100$$$$\text{Canalicular\ Area}\% = \left( \text{Canalicular\ Area}/\left( {\text{Total\ Bone\ Area} - \left( {\text{Vascular\ Canal\ Area} + \text{Artifacts\ Area}} \right)} \right) \right) \ast 100$$where Total Bone Area (mm^2^) is the area comprised of the cropped endosteal to periosteal swath of cortical femur bone, Vascular Canal Area (mm^2^) is the sum of all areas occupied by individual vascular canals within the Total Bone Area, Artifacts Area is the sum of all areas occupied by artifacts within the Total Bone Area, and LCN and Canalicular Area are the sum of all areas occupied by the LCN (lacunae and canaliculi) or the canaliculi within the Total Bone Area, respectively. Vascular Canal, lacunar, and canalicular porosities represent the areal fraction of bone area occupied by vascular porosity, lacunae, and canaliculi, respectively. Average lacunae size was calculated as the average cross-sectional area of each lacuna in the imaging plane. All of these parameters were assessed for the entire region of interest, spanning the cortex. Further, these parameters were assessed within periosteal, mid-cortical and endosteal regions, created by evenly dividing up the span of the cortex.

Since alterations in thresholding conditions can impact the results, we performed a sensitivity study. Briefly, we altered the thresholding parameters such that the resulting images, compared to the optically 'ideal' parameters noted above, were visually either less bright (missing structures) or more bright (overestimating the area of the LCN and canaliculi). We found that the resulting change in LCN and canaliculi percentages were minor (Supplemental Table S2). These modest fluctuations did not affect the outcomes of the study and indicated that our segmentation procedures generated robust and stable results.

2.6. Statistical analysis {#s0040}
-------------------------

Statistical analysis was conducted using SPSS V23 (IBM Analytics, Chicago, IL, USA). When comparing mean values across the whole cortex, differences between young and aged females were evaluated by Student\'s *t-*test for normally distributed data (*p* \< 0.05 was considered significant). Data are presented as mean +/− standard deviation of the mean (SD). For the regional analysis, a repeated measures ANOVA was utilized with bone region as a within-subjects factor and age group as a between-subjects factor. Kolmogorov-Smirnov (KS) tests were used to examine the distribution of all variables and Mauchly\'s test was used to examine the assumption of sphericity for the repeated measures ANOVA.

3. Results {#s0045}
==========

For the analysis of the mean values across the whole cortex, KS tests revealed that the distributions of all measures did not deviate from the normal distribution. In the samples from the aged women, the vascular canal porosity was increased 3.2-fold compared to samples from the young women (*p* = 0.039; [Table 1](#t0005){ref-type="table"}). Despite this, the mean endosteal to periosteal depth was very similar ([Table 1](#t0005){ref-type="table"}; young = 3.91 mm vs aged = 3.77 mm; *p* = 0.79). We found that the LCN comprised \~ 17.6% of the bone area in young women ([Fig. 2](#f0010){ref-type="fig"}A; [Table 1](#t0005){ref-type="table"}). In aged women, however, the LCN comprised 10.5% of the bone area, which is a 40.6% reduction from that observed in younger women (*p* = 0.001; [Fig. 2](#f0010){ref-type="fig"}A; [Table 1](#t0005){ref-type="table"}, Table S2). Lacunar porosity was not different between the two age groups (*p* = 0.14; [Fig. 2](#f0010){ref-type="fig"}B; [Table 1](#t0005){ref-type="table"}). Similarly, the average lacunar cross-sectional size was unchanged ([Fig. 2](#f0010){ref-type="fig"}C; [Table 1](#t0005){ref-type="table"}) and the distribution of the different sizes of lacunae were very similar in both age groups ([Fig. 2](#f0010){ref-type="fig"}D). Lacunar density was reduced by 21.4% (*p* = 0.049; [Fig. 2](#f0010){ref-type="fig"}E; [Table 1](#t0005){ref-type="table"}). The canaliculi were found to make up 75% and 81% of the LCN area for the young and aged groups, respectively. In young women, canalicular porosity was 14.3% of the 2D bone area, while in aged women it was 7.9%, a 44.6% reduction (*p* = 0.001; [Fig. 2](#f0010){ref-type="fig"}F; [Table 1](#t0005){ref-type="table"}, Table S2).Fig. 2Lacunar-canalicular and vascular canal characteristics of the femoral cortical bone in young and aged women. Inter-group differences in (A) LCN area percentage, (B) lacunar area percentage, (C) average lacunae size, (D) lacunae size distribution, (E) lacunae number per area (mm^2^), (F) canalicular area percentage. Intra-cortical regional differences in (G) vascular canal and (H) LCN area percentages between the periosteal, mid-cortex, and endosteal regions. (\* - *p* \< 0.05). Error bars represent SD.Fig. 2

The cortex was then divided into equal thirds -- periosteal, mid-cortex, and endosteal regions -- in order to perform regional analysis across the cortex. This regional analysis, employing repeated measures ANOVA, revealed that differences in bone regions was only significant for vascular canal porosity in young women, with the periosteal measure being significantly different from both the mid-cortical (*p* = 0.002) and endosteal (*p* = 0.026) measures ([Fig. 2](#f0010){ref-type="fig"}G). While the assumption of sphericity was violated (Mauchly\'s test) for this measure in the young women, the significance of the result for the ANOVA was unaltered after correction for this violation (e.g. Greenhouse-Geisser, Huynh-Feldt). All other measures (LCN porosity ([Fig. 2](#f0010){ref-type="fig"}H), lacunar porosity (Fig. S1A), canalicular porosity (Fig. S1B), and lacunar density (Fig. S1C)) for both the young and the aged groups did not significantly vary by region with the caveat that lacunar area in the midcortical and endosteal regions were not normally distributed (KS test).

4. Discussion {#s0050}
=============

A combination of fluorescent labelling and confocal laser scanning microscopy was used to quantitate the LCN porosity in bone specimens from young and aged women. Our results revealed a significant reduction in the LCN in aged women and that this reduction is primarily due to a significant loss in canalicular porosity. Milovanovic and colleagues reported a 30% reduction in the number of canaliculi arising from osteocyte lacunae as a consequence of aging in humans; however, it is unclear from the study how many individuals were male or female ([@bb0145]). This is of particular importance since it is known that there is a sex-dependent influence on age-related bone fragility ([@bb0220]). The reduction in LCN in aged women that we have shown raises questions as to whether this decline is gradual over the lifespan or whether there is a greater decline after menopause. For example, osteocyte density has been reported to be reduced due to menopause in human cancellous bone ([@bb0190]), which would suggest that our observations might apply strictly to women. In the femoral head, however, osteocyte lacunar density has been reported to be unchanged in women until age 70, but falls steeply thereafter ([@bb0150]), which argues that our results (based on young and aged cohorts) might reflect a precipitous event rather than one that progresses over the lifespan.

The decline of the scale of the LCN in advanced age could have significant functional consequences. The LCN hosts the largest number of bone cells, osteocytes, which have been associated with bone\'s ability to sense and adapt to changes in the mechanical loading environment and regulate the bone remodeling process. A reduced LCN in the aged population may hamper nutrient transport/oxygen supply ([@bb0060]) and alter pressure in the lacunae pore space ([@bb0215]), thereby impacting mechanosensing and/or mechanotransduction. The loss of nutrients may further exacerbate the loss of osteocyte syncytium connectivity with the death of osteocytes resulting in an increase in hypermineralized lacunae that is observed in aged men and women ([@bb0025]).

Measurement of the LCN porosity does not necessarily directly reflect the osteocyte cellular network itself since osteocytes can undergo apoptosis ([@bb0165]). Lacunar occupancy has been reported to be 90.9--93% in trabecular bone ([@bb0200]), while in deeper bone from aged individuals the degree to which lacunae are occupied can drop substantially, *i.e.* to 77.1% ([@bb0200]), a feature that may be related to cell death. Canalicular occupancy is not yet known, but simply counting the canaliculi clearly provides an upper limit for the potential number of viable dendritic processes in bone. The direct imaging of osteocyte dendrites will provide the greatest insights into osteocyte connectivity, as well as canalicular occupancy, and the possibility of assessing the relation between osteocyte-dendritic cell death with canalicular removal.

A limitation of our study is the over-estimation of the bone porosity (as a percent of area) due to imaging of a fluorescent signal. The latter may be associated with leaching beyond the outer boundaries of canaliculi and lacunae ([@bb0120], [@bb0070]) and partial volume effects resulting from the resolution limits of the confocal laser scanning microscope, which was in the 0.132 μm range for our study, whereas the canaliculi diameter is estimated to be 0.1--1.0 μm ([@bb0070], [@bb0010]). We found that the LCN comprised \~ 17.6% of the bone cross-sectional area in young adults. Several approaches have been used to estimate LCN porosity, resulting in a range of values: 2.8--3.3% (synchrotron radiation phase-contrast nano-CT and Synchrotron μCT ([@bb0100], [@bb0090], [@bb0095])), 4.5% (μCT; ([@bb0010])); 3.5--5% (poroelastic analysis ([@bb0055], [@bb0075])); 12% (Theoretical estimation based on capillary and spherical-shell models ([@bb0080])); 13.5%, 19% and 23% (using a confocal laser scanning microscopy approach that is similar to the one used in our study ([@bb0045], [@bb0230], [@bb0120])). The most probable value for LCN porosity is likely \< 5% since, among the techniques used, the synchrotron radiation phase-contrast nano-CT-based approaches have the highest resolution capabilities. Similarly, our lacunar porosity of 3.2% in young women was 2--3 × higher than that reported in the literature: 1.3% (Synchrotron μCT: [@bb2005]); 1.5% (Synchrotron μCT: [@bb2010]); 1.24% (Synchrotron μCT: [@bb0035]); 1.5% (μCT: [@bb2000]); and 1.7% (μCT: [@bb0010]). With this limitation in mind, we focused on the differences between young and aged women where overestimation of fluorescence would be applied equally, instead of emphasizing the absolute porosity in either young and/or aged women. We predicted that using thresholding parameters that overestimate porosities would reduce the differences between samples and, thus, underestimate differences between the age groups, which is precisely what we observed, although significant differences remained (35.1%; see Supplemental Table S2). Applying more aggressive thresholding parameters that generate images with reduced LCN scale may better approximate 'true' porosity levels, but this approach tends to exclude canaliculi that are readily evident by gross visual examination of the raw confocal images. This also increased the differences between the age groups in LCN porosity (43.0%; Supplemental Table S2). Due to the stability of the results in the face of altered thresholds, we are confident that our finding of age-related differences is robust and the range of our values is similar to that presented using this general approach.

The original impetus for this study stemmed from the previous finding by Carter and colleagues that lacunar volume declines in women over the human lifespan ([@bb0030]). The approach we utilized to make this measure (synchrotron μCT at 1.4 μm voxel size) was not capable of resolving canaliculi and we hypothesized that loss of canaliculi may be associated with, and possibly contributing to, this change in lacunar volume since the large number of exiting canaliculi would augment lacunar dimensions as detected by lower resolution imaging with associated partial volume effects ([@bb0230]). Unexpectedly, while our current results reveal that a decline in the LCN occurs with age in women, we did not replicate our earlier finding of declining osteocyte lacunar size. Numerous factors may have contributed to this. Carter and colleagues ([@bb0030]) assessed lacunar volume in 3D where lacunae can be conceptualized as ellipsoids, whereas we examined sections where the lacunar cross-sections can be conceptualized as ellipses. This is an important distinction because a small change in the dimensions of the lacunae in 3D leads to larger changes in volume than cross-sectional area. Further, in human bone lacunae are primarily oriented longitudinally and the findings of Carter and colleagues were that the longitudinal axis saw the largest (absolute) change in size with age. In the current 2D study, we quantified lacunar area from sections perpendicular to the lacunar long axis and thus this largest change in size would not be detectable. Moreover, each lacunae detected was sectioned at a random position along its long axis, contributing further variance to the area measurement. Finally, the borders of lacunae are less distinct when canaliculi are resolved, creating yet another source of variation. We believe this collection of factors explains why we found no correlation between our current 2D lacunar areas and the 3D volumes we reported previously ([@bb0030]). Additional - and more detailed - 3D analysis is required to more directly answer the question of whether or not canalicular number, and specifically the proportion of canaliculi arising directly from lacunar surfaces, contribute to lacunar size when employing lower resolution techniques and, thus, play a role in a decline in lacunar volume with age.

A second discrepancy with Carter and colleagues ([@bb0030]) was that the current study found a decline in lacunar density in aged women, as assessed in an areal manner (lacunae/mm^2^), whereas Carter and colleagues ([@bb0030]) found no change when assessing 3D volumetric lacunar density (lacunae/mm^3^). That said, our previous report ([@bb0030]) did find a downward trend with age and the 3D results do correlate with our current 2D results (*r* = 0.797, *p* \< 0.01). The significant difference with age for our current study is likely linked to the reduced 3D lacunar size in the aged group. The probability of lacunae being observed in section is related to their size. Smaller lacunae with more space between them in the z-plane are less likely to intersect a cross-section -- particularly a very thin z-depth for confocal microscopy (0.44 μm). As such, an apparent decline in density observed in 2D can occur despite no change in 3D density. These discrepancies between 2D and 3D highlight methodological limitations facing LCN analysis. While 3D methods have a number of advantages, they often suffer from a reduced field of view. That said, our regional analysis suggests the scale of the LCN and its components are uniform across the cortex and thus sub-sampling smaller regions can generate a representative result with the caveat that considerable local variation in the LCN was observed in our images and thus sampling too small a region could lead to highly variable results. Similarly, spatial heterogeneity in canalicular density within osteons was recently reported ([@bb0205]). We believe that our observations that the LCN is uniform across the anterior femoral cortex and declines uniformly in aged women, are unique observations of this study. This stands in stark contrast to the regional differences observed in vascular canal porosity across the cortex which we detected here and others have reported ([@bb0240]), indicating that the density of the LCN and its components is independent of vascular canal porosity. Potential circumferential variation of the LCN within the femoral cortex is worthy of further study as differences in the vascular canal porosity ([@bb0240]) and the density and morphology of lacunae ([@bb0035]) have been reported from other studies of Melbourne Femur Collection samples.

To summarise, we examined cortical bone from the anterior proximal femoral shaft and detected a significant reduction in the scale of the LCN in aged women compared to younger women. The lower LCN porosity in aged women could contribute to impaired intercellular communication between osteocytes because of fewer connections between these cells and thereby perturb their mechanosensation/mechanotransduction functions. Our observations warrant further research into the timing and mechanisms of these changes, and their possible role in bone loss associated with aging and osteoporosis.
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